JBIC Journal of Biological Inorganic Chemistry (2019) 24:1057-1076
https://doi.org/10.1007/500775-019-01716-8

ORIGINAL PAPER q

Check for
updates

Synthesis, characterization, DFT study, DNA/BSA-binding affinity,
and cytotoxicity of some dinuclear and trinuclear gold(lll) complexes

Snezana Radisavljevi¢' - Dusan Co¢i¢' - Snezana Jovanovi¢' - Biljana Smit' - Marijana Petkovi¢? -
Nevena Milivojevi¢® - Nevena Planojevi¢® - Snezana Markovi¢? - Biljana Petrovi¢’

Received: 20 March 2019 / Accepted: 28 August 2019 / Published online: 5 September 2019
© Society for Biological Inorganic Chemistry (SBIC) 2019

Abstract

In this study, we have synthesized a series of dinuclear and trinuclear gold(IIT) complexes of the general formula [Au,(N-N)
Clg] (1-3) for dinuclear and [Auy(N-N),Clg]* (4-6) for trinuclear compounds, respectively, in which N-N is a bidentate ligand
(1,4-diaminobutane; 1,6-diaminohexane or 1,8-diaminooctane). These complexes were characterized by elemental analysis,
molar conductivity, and spectroscopic techniques (IR, UV-Vis, 'H NMR, ESI-MS). We performed DFT calculations to get
insight into the geometry of the studies complexes. DNA-binding studies were performed by UV-Vis spectrophotometry
and fluorescence spectroscopy. The results of competitive reactions between gold(IIl) complexes and ethidium bromide (EB)
towards DNA have shown that selected complexes can displace EB from DNA-EB adduct. In addition, these experiments
confirm that polynuclear gold(III) complexes interact with DNA covalently or via intercalation. Furthermore, high values
of binding constants of gold(IIT) complexes towards bovine serum albumin (BSA) protein indicate good binding affinity. In
addition, redox stability of complexes in the presence of DNA/BSA was confirmed by cyclic voltammetry. Results of the
interactions between gold(III) complexes with DNA/BSA were discussed in reference to molecular docking data obtain by
Molegro virtual docker. The cytotoxic activity of synthesized gold(III) complexes was evaluated on human breast cancer cell
line (MDA-MB-231), human colorectal cancer cell line (HCT-116), and normal human lung fibroblast cell line (MRC-5). All
complexes dose-dependently reduced cancer and normal cells viabilities, with significant cytotoxic effects (IC5, <25 pM)
for trinuclear gold(IIT) complexes (4, 5) on HCT-116 cells.
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1,4-Diaminobutane; 1,6-diaminohexane
or 1,8-diaminooctane)

Calf thymus DNA
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Human breast cancer cell line
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Normal human lung fibroblast cell line
Phosphate-buffered saline

Dulbecco’s Modified Eagle Medium
Dimethyl sulfoxide
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide
Trimethylsilylpropanoic acid

Ethidium bromide
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dows, ver. 17, 2008
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Highest occupied molecular orbitals
Lowest unoccupied molecular orbitals
Density functional theory
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Stern—Volmer quenching constant
Quenching rate constant
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functional

Correlation-consistent polarized valence-
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ZPE Zero-point vibrational energies

CPCM Conductor-like polarizable continuum
model

MVD Molegro Virtual Docker version
2013.6.0.1

B-DNA Crystal structure of DNA in Protein Data
Bank

PDB Protein Data Bank

4F5S Crystal structure of BSA in Protein Data
Bank

Introduction

The discovery of anticancer activity of platinum complexes
(cisplatin, carboplatin, oxaliplatin) developed high interest
towards evolution of different metal-based antitumor agents.
Numerous reports have revealed that other transition metal
complexes can possibly be applied in medicine and phar-
macy [1-3]. The use of cisplatin is limited due to several
significant disadvantages, such as normal tissue toxicity and
resistance to treatment [4]. The poor chemotherapeutic index
of this clinically used drug has led the researches to focus
on the synthesis of metal complexes with better selectivity
for cancerous cells, improved cytotoxic properties, and less
side effects [5, 6].

The pharmacologic properties of gold compounds have
been known since the end of 19th century. They have been
used for different studies, even though they are usually used
for the treatment of rheumatoid arthritis [7]. Therefore, in
the last decade, gold complexes have received increased
attention due to the variety of their applications. More
recently, gold compounds have been investigated as poten-
tial anticancer, antimicrobial, or chemotherapeutic agents
and the results shown that they are the most promising alter-
native for platinum-based metallodrugs [8—17]. Gold(III)
complexes are isostructural and isoelectronic to platinum(II)
compounds, and they could exhibit prospective and fascinat-
ing anticancer, cytotoxic, and antitumor properties [2]. In
general, gold(IIT) complexes are unstable and rapidly hydro-
lyze and reduce to gold(I) or gold(0) under physiological
conditions, which is the main problem of their development
as therapeutic drug [18].

Multimetallic gold(III) complexes are important for
catalysis. They have been thoroughly investigated for pho-
tophysical and photoluminescent properties due to attractive
aurophilic dB~d8 interactions [19, 20]. The efficacy of metal
complexes usually depends on the type of metal ion, types
of ligands, and geometry of the coordination compounds. To
attain gold-based drugs possessing medicinal activities, spe-
cific ligands are needed for a good stabilization of gold(II)
centers. Nevertheless, gold(IIl) ions generally prefer ligands

bearing “hard” Lewis base donor sites such as nitrogen and
oxygen [2].

It is already known that DNA is the main target for plat-
inum-based anticancer compounds, while gold(III) com-
plexes shown a variety of interactions, including direct DNA
damage, inhibition of thioredoxin reductase or proteasome,
and alteration of cell cycles. Some gold(IIl) complexes with
nitrogen-containing polydentate ligands have potent cyto-
toxic properties and represent efficient DNA binders [21].
Furthermore, the activity of gold(Ill) complexes with ali-
phatic diamine decreases when the chain length of diamine
is extended [22, 23]. Knowing these modes of action is very
important for further investigation in the field of gold(II)
complexes to develop potential cytotoxic properties against
cancer cells, especially multidrug-resistant cell lines [10,
24-30]. According to previous, we have synthesized and
characterized three dinuclear (1-3) and three trinuclear
(4-6) gold(IIT) complexes with different aliphatic nitrogen-
donor ligands (1,4-diaminobutane, 1,6-diaminohexane or
1,8-diaminooctane) (Fig. 1). These new complexes were
characterized by various spectroscopic techniques, such
as elemental analysis, molar conductivity, 'H NMR, IR,
UV-Vis, and ESI-MS. We also investigated the DNA-
binding ability, bovine serum albumin (BSA)-binding abil-
ity, redox stability in the presence of DNA/BSA, and cyto-
toxicity on human breast cancer cell line (MDA-MB-231),
human colon cancer cell line (HCT-116), and normal human
lung fibroblast cell line (MRC-5) of synthesized gold(II)
complexes.

Materials and methods

Potassium tetrachloridoaurate(III) (K[AuCl,]) and nitrogen-
containing ligands (1,4-diaminobutane, 1,6-diaminohexane,
1,8-diaminooctane) are commercially available and they
were used without purification. All the other chemicals were
of analytical reagent grade and used without further purifica-
tion. Ethidium bromide (EB), calf thymus DNA (CT-DNA),

Cl Cl Cl Cl
\A / A /
u u
\ e
a”” NH,(CH,),NH, a
Cl Cl Cl Cl Cl Cl i
\Au/ \Au/ \Au/
Cl NH,(CH,),NH, NH,(CH,),NH, Cl
n=4 (1,4-diaminobutane)
n=6 (1,6-diaminohexane)
n=8 (1,8-diaminooctane)

Fig. 1 Structural formula of the investigated complexes 1-6
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and bovine serum albumin (BSA) were obtained from Sigma
Chemicals Co. (USA). The stock solution of CT-DNA was
prepared in 0.01 M phosphate-buffered saline (PBS) (Sigma-
Aldrich) at pH 7.4, which gave a ration of UV absorbance
at 260 nm and 280 nm (A,4y/A,g0) of ca. 1.8-1.9, indicating
that the DNA was sufficiently free of protein. The concentra-
tion was determined by UV absorbance at 260 nm after 1:20
dilution using (¢=6600 M~' em™') [31, 32]. Stock solu-
tion of BSA was prepared by dissolving the solid BSA in
0.01 M PBS buffer at pH 7.4 and the concentration was kept
fixed at 2 pM. All stock solutions were stored at 277 K and
used within 5 days. For cytotoxic assay, Dulbecco’s Modi-
fied Eagle Medium (DMEM) and phosphate-buffered saline
(PBS) were obtained from GIPCO, Invitrogen, USA, while
dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained
from SERVA, Germany.

Elemental analysis was performed on a Carlo Erba Ele-
mental Analyser 1106. The molar conductivities of freshly
prepared 1.0x 1072 M solutions of all complexes in dimeth-
ylformamide (DMF) solutions at 25 °C were measured by
Crison EC-Meter Basic 30 +. Using the relation Am=K/C,
the molar conductance of complexes was calculated, where
C is the molar concentration of metal complex solutions.
The '"H NMR spectra were acquired on a Varian Gemini
2000, 200 MHz NMR spectrometer at 295 K. The meas-
urements were performed with a commercial 5 mm Bruker
broadband probe. All chemical shifts are referenced to TSP
(trimethylsilylpropanoic acid). IR spectra were recorded as
KBr pallets on a Perkin-Elmer Spectrum One spectrom-
eter over the range 450—4000 cm™!. The UV-Vis spec-
tra were obtained on a Perkin-Elmer Lambda 35 double
beam spectrophotometer, using 1.0 cm path-length quartz
cuvettes (3.0 mL). Fluorescence measurements were car-
ried out on an RF-1501 PC spectrofluorometer (Shimadzu,
Japan). The excitation and emission bandwidths were both
10 nm. Mass spectrometry was performed at Amazon SL
mass spectrometer Bruker Daltonics (Bremen, Germany).
Cyclovoltammetric (CV) measurements were performed in a
one-compartment three-electrode cell using a glassy carbon
(GC) electrode as working electrode, an Ag/AgCl as refer-
ence electrode and a platinum wire as a counter electrode.
Measurements were recorded with an Autolab PGSTAT
302N at room temperature. The working electrode surface
was polished with alumina on a microcloth with water as the
lubricant. All CVs were recorded with a scan rate of 0.1 V/s
at room temperature, while the potential of the electrode was
cycled between +1.5 V, 0 V and + 1.5 V. The supporting
electrolyte was a 0.1 M NaCl. Solution of NaClO, and PBS
buffer were not employed because of possible redox reac-
tions that can interfere. The certain amount (100 uL—con-
centration 2x 107> M) of BSA or (100 uL—concentration
1.24x 1073 M) DNA and (10 mL—concentration 107> M)

@ Springer

Au(IIT) complexes (1-6) were mixed. The experiments
were repeated at least three times at room temperature. The
obtained data were collected and analyzed using the Origin-
Pro8 and Microsoft Office Excel 2007 programs. The work-
ing electrode was polished every day or even more often if
that was necessary.

Synthesis and characterization of complexes

For complexes 1-3, the solution of 0.065 mmol of corre-
sponding nitrogen-containing ligand [6.5 pL (p=0.877 g/
mL) of 1,4-diaminobutane; 9 pL (p=0.84 g/mL) of
1,6-diaminohexane, and 9.4 mg of 1,8-diaminooctane] in
2.0 mL of ethanol was added slowly under the stirring to
the solution containing 0.13 mmol of K[AuCl,] (50 mg)
dissolved in 5.0 mL of ethanol. The yellow precipitate was
formed immediately after addition of ligand. The reaction
mixture was stirred in the dark at room temperature for 5 h.
Precipitate was filtered off (complex 1) and dried in the dark
at room temperature or left to evaporate at room tempera-
ture (complexes 2 and 3). For complexes 4-6, to the solu-
tion of 0.17 mmol of the corresponding nitrogen-containing
ligand [17.1 pL (p=0.877 g/mL) of 1,4-diaminobutane;
23.5 pL (p=0.84 g/mL) of 1,6-diaminohexane and 24.5 mg
of 1,8-diaminooctane] in 2.0 mL of ethanol was dropped
under the stirring the solution that contains 0.26 mmol of
K[AuCl,] (100 mg) dissolved in 5.0 mL of ethanol. The
reaction mixture was stirred in the dark at room temperature
for 3 h, and then left to evaporate at room temperature. After
evaporation, yellow precipitate was collected.

[Au,(NH,(CH,),NH,)Cls] (1) Yield: 61.40%. Anal. Calc.
(%): C, 6.91; H, 1.74; N, 4.03. Found: C, 6.86; H, 1.81;
N, 3.99. '"H NMR (D,0, 200 MHz): § 1.75 (m, 4H, C,—H,
C,-H), 3.04 (t, 4H, C,—H, C,~H), IR (KBr, cm™'): 3526 s,
3479 s (N-H stretch), 2918 s (C—H stretch), 1575 s (N-H
bend), 1499 s (C-H bend), 1142 m (C-N stretch). UV-Vis
(H,0, nm): 285. m/z 692.87.

[Au,(NH,(CH,)¢NH,)Cl¢] (2) Yield: 41.90%. Anal.
Calc. (%): C,9.97; H, 2.23; N, 3.88. Found: C, 9.91; H,
2.31; N, 3.84. 'H NMR (D,0, 200 MHz): § 1.41 (m, 4H,
C;-H, C,-H), 1.69 (m, 4H, C,-H, Cs—H), 2.99 (t, 4H, C|-H,
Cs—H). IR (KBr, cm™): 3500-3400 s (N-H stretch), 2935 s
(C-H stretch), 1560 s (N-H bend), 1469 s (C—H bend),
1175 m (C-N stretch). UV-Vis (H,0, nm): 286. m/z 720.94.

[Au,y(NH,(CH,)¢{NH,)Cl] (3) Yield: 63.63%. Anal. Calc.
(%): C, 12.80; H, 2.68; N, 3.73. Found: C, 12.67; H, 2.75;
N, 3.68. 'H NMR (D,0, 200 MHz): § 1.35 (m, 8H, C,-H,
C,—H, Cs-H, C¢-H), 1.64 (m, 4H, C,-H, C;—H), 2.98 (t, 4H,
C,—H, C¢-H). IR (KBr, cm™): 3460-3420 s (N-H stretch),
2925 s (C-H stretch), 1648 s (N-H bend), 1460 s (C-H
bend), 1253 m (C-N stretch). UV-Vis (H,0, nm): 293. m/z
748.97.
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[Au;(NH,(CH,),NH,),CL]Cl (4) Yield: 58.42%. Anal.
Calc. (%): C, 8.85; H, 2.23; N, 5.16. Found: C, 8.78; H, 2.27,
N, 5.04. '"H NMR (D,0, 200 MHz): § 1.75 (m, 4H, C,—H,
C;-H), 3.04 (t, 4H, C,-H, C,—H). IR (KB, cm™): 3538 s,
3486 s (N-H stretch), 2933 s (C—-H stretch), 1599 s (N-H
bend), 1499 s (C-H bend), 1109 m (C-N stretch). UV-Vis
(H,O, nm): 293. m/z 1050.04.

[Au;(NH,(CH,)¢NH,),CLICI (5) Yield: 63.21%. Anal.
Calc. (%): C, 12.69; H, 2.82; N, 4.90. Found: C, 12.57,
H, 2.93; N, 4.79. '"H NMR (D,0, 200 MHz): 6 1.41 (m,
4H, C;-H, C,—H), 1.67 (m, 4H, C,-H, Cs—H), 2.99 (t, 4H,
C,-H, C¢-H). IR (KBr, em™1): 3591 s, 3518 s (N-H stretch),
2933 s (C-H stretch), 1560 s (N-H bend), 1468 s (C-H
bend), 1174 m (C-N stretch). UV-Vis (H,0, nm): 287. m/z
1106.91.

[Au;(NH,(CH,)sNH,),CL]Cl (6) Yield: 46.24%. Anal.
Calc. (%): C, 16.03; H, 3.36; N, 4.67. Found: C, 15.97; H,
3.45; N, 4.57. 'H NMR (D,0, 200 MHz): 6§ 1.35 (m, 8H,
C;-H, C,—H, Cs-H, C4-H), 1.65 (m, 4H, C,-H, C,-H), 2.98
(t, 4H, C,—H, C¢—H). IR (KBr, cm™!): 34503400 s (N-H
stretch), 2925 s (C—H stretch), 1596 s (N-H bend), 1498 s
(C-H bend), 1132 m (C-N stretch). UV-Vis (H,0, nm):
287. m/z 1163.24.

Quantum chemical calculations

All calculations were done applying B3LYP functional
[33-35] in combination with the basis set cc-pVTZ [36].
For the gold atoms, the relativistic effective core potential
LanL.2TZ(f) [37] was utilized. The performance of this level
has been documented by others to be very effective in DFT
calculation of similar systems [38]. The characterization as
minima was done by computation of vibrational frequen-
cies at the same level. Relative energies were corrected for
zero-point vibrational energies (ZPE). The influence of bulk
solvent was evaluated via single point calculations using the
CPCM formalism [39, 40] on the same level and water as a
solvent. All calculations were performed using the Gaussian
09 program package [41].

DNA-binding studies
Absorption spectroscopic studies

The binding of complexes 1-6 towards CT-DNA was stud-
ies by UV—Vis spectroscopy to investigate the possible
DNA-binding modes as well as to calculate the binding
constants (Ky). The series of complex-DNA solutions were
prepared by mixing the fixed concentration of complex
solution (8 uM) with increments of DNA stock solution
(2.63 mM).

Ethidium bromide (EB) displacement studies

The EB-competitive studies of gold(Il) complexes were
carried out by fluorescence emission spectroscopy to
examine whether the complexes 1-6 can displace EB from
DNA-EB complex. DNA-EB was initially prepared by mix-
ing of 21 uM EB and 21 pM CT-DNA in 0.01 M PBS buffer
solution (pH 7.4). The possible binding effect of complexes
was investigated step by step after the addition of certain
amount of complex solution into the solution of DNA-EB.
Fluorescence intensities were measured with the excita-
tion wavelength set at 527 nm and fluorescence emission at
612 nm. Before measurements, each system was shaken and
incubated at room temperature for 5 min. The emission was
recorded in the range 550-750 nm.

Albumin-binding studies

The protein-binding study was performed by tryptophan
fluorescence quenching experiments using bovine serum
albumin (BSA, 2 uM) in 0.01 M PBS buffer solution (pH
7.4). The quenching of the emission intensity of tryptophan
residues of BSA at 365 nm was monitored using complexes
1-6 as quenchers with increasing concentration (up to
40 uM). Fluorescence spectra were recorded in the range
300-500 nm at an excitation wavelength of 295 nm. The
fluorescence spectra of compounds in buffered solutions
were recorded under the same experimental conditions and
no fluorescence emission was detected.

Viscosity measurements

The viscosity of a DNA solution was measured in the pres-
ence of increasing amounts of complexes 1-6. The flow time
was measured with a digital stopwatch. Each sample was
measured six times and the average flow time was calcu-
lated. The data were presented as (17/170)1/ 3 against r, where
n is the viscosity of DNA in the presence of complex and 7,
is the viscosity of DNA alone in the buffered solution. The
viscosity values were calculated from the observed flow time
of DNA-containing solutions (¢) corrected for the flow time
of buffer alone (%), n = (t—1y)/t,.

Molecular docking

Optimized structures of investigated complexes were done
as previously described in experimental section. In the rigid
DNA structure, flexible compounds, such as gold(III) com-
plexes, were docked using Molegro Virtual Docker (MVD,
version 2013.6.0.1) [42]. For DNA model, B-DNA dode-
camer (CGCGAATTCGCG)2 (PDB code 1BNA) [43] was
used to study the interaction between metal complex and
DNA. The 3D-crystal structure of bovine serum albumin
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with PDB code 4F5S [44] was downloaded from Brookhaven
Protein Data and loaded to Molegro Virtual Docker (MVD).
All water molecules were removed. Grid resolution of the
binding side was 0.3 A. The parameters of docking proce-
dure were: maximum number of iterations 1500, population
size 50, energy threshold 100.00, and maximum number of
steps 300. The MolDock SE as a search algorithm was used
with the number of runs set to 100 and the number of gener-
ated poses was 5. The estimation of gold(III) complexes and
DNA/BSA interactions was described by the MVD-related
scoring functions: MolDock, Docking, Rerank, and Hbond.
A maximum population of 100 and maximum number of
iterations of 10 000 were used for each run. The five best
poses were retained. Docked poses were visualized using
CHIMERA [45] molecular graphics program. Molegro
scores were evaluated in a relative fashion.

Cytotoxic activity and cell viability assay (MTT assay)

The gold(III) complexes (1-6), as well as K[AuCl,] (7),
were dissolved in DMEM medium for cell treatment (final
concentration of DMSO <0.5%). The MDA-MB-231, HCT-
116, and MRC-5 cell lines were obtained from the American
Tissue Culture Collection (Manassas, VA, USA). Standard
maintaining conditions were adjusted according to our previ-
ous publication [46]. All experiments were done with cells
at 70-80% confluence.

The cell viability was determined by MTT assay [47]
after treatments with all gold(III) complexes. This test is
based on the color reaction of mitochondrial dehydrogenase
from living cells with MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide). MDA-231, HCT-116,

and MRC-5 cells were seeded in a 96-well plate (10* cells
per well). After 24 h of pre-incubation, cells were treated
with 100 pL of each concentration of investigated gold(II)
complexes (0.1, 1, 10, 50, 100, and 200 pM) for 24 and
72 h. Untreated cells served as a control. At the end of the
treatment period, MTT (final concentration 5 mg/mL in
PBS) was added to each well and then incubated at 37 °C
in 5% CO, for 2 h. The colored crystals of formazan were
dissolved in DMSO and the absorbance was measured at
550 nm. The effects on cell viability were calculated as a
ratio of the absorbance of the treated group divided by the
absorbance of control group, multiplied by 100 to give per-
centage of viable cells.

The data are expressed as the means of two independ-
ent experiments, performed in triplicate for each dose. The
magnitude of correlation between variables was done using
a SPSS statistical software package (SPSS for Windows, ver.
17, 2008). The cytotoxic effect of each tested complex was
expressed by ICs, (inhibitory dose which inhibit 50% growth
cells). The ICs, values were calculated from the dose curves
by a computer program CalcuSyn v. 2.1 [48].

Results and discussion

Dinuclear gold(III) complexes 1-3 with general formula
[Au,(N-N)Cl¢] and trinuclear gold(IIT) complexes 4—-6 with
general formula [Au;(N-N),Clg]", where N-N is a biden-
tate ligand (1,4-diaminobutane; 1,6-diaminohexane, or
1,8-diaminooctane), have been synthesized according to
the procedure presented in Scheme 1. Their structures were
confirmed by elemental analysis, molar conductivity, and

Cl Cl Cl Cl Cl Cl
EtOH
2 >Au< + NHy(CHy),NH, ——> >Au< }Au<
cl cl cl NHy(CHy),NH, cl
. -
a_ O EOH c_ O o o
P + 2NH,(CHy) NH, —> P + 2 Al
cl cl HoNy(H2C)HN NH,(CH;),NH, a”” cl
+
Cl Cl Cl Cl Cl Cl
n=4 (1,4-diaminobutane) \Au< >Au/ >Au/
n=6 (1,6-diaminohexane) a”” NH,(CH,),NH, ~ NH,(CH,),NH; N al

n=8 (1,8-diaminooctane)

Scheme 1 Schematic presentation of the reactions for the synthesis of dinuclear 1-3 (above) and trinuclear 4-6 (down) gold(IlI) complexes
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different spectroscopic techniques (IR, UV-Vis, 'H NMR,
and ESI-MS).

The molar conductivity values, given in Table 1, con-
firmed the non-electrolyte nature of complexes 1-3 as well
as ionic 1:1 nature of complexes 4-6, respectively. These
results are supported by the results of chemical analysis.

The 'H NMR, IR, UV-Vis, and ESI-MS spectroscopic
data for dinuclear and trinuclear gold(II) complexes (Fig-
ures S1-S7, ESI) are listed in the Experimental section.
They are consistent with the structures presented in Fig. 1
and Scheme 1.

In the '"H NMR spectrum of ligand 1,4-diaminobutane,
the signal of 4H (C,—C,) appeared at 2.775 ppm (triplets)
and the signal of 4H (C,—C;) appeared at 1.614 ppm (mul-
tiplet). Both signals in the 'H NMR spectrum of complexes
1 and 4 are moved to higher values. In the 'H NMR spec-
trum of complexes 2 and 5, all signals are also moved to
higher chemical shifts relative to signals of uncoordinated
ligand 1,6-diaminohexane, in which the signal of 4H
(C,—Cy) appeared at 2.829 ppm (triplets), the signal of 4H
(C,—C5) appeared at 1.672 ppm (multiplet), and the signal
of 4H (C;—C,) appeared at 1.580 ppm (multiplet). In the 'H

Table 1 Molar conductivity of
gold(III) complexes in DMF at
25°C

Complex Am
Q@ 'em™ mol™)

<20
<20
<20
93
87
99

A U A W N =

Table 2 'H NMR data of ligands and complexes 1-6

NMR spectrum of 1,8-diaminooctane, all tree signals of free
ligand [4H (C,—Cy) at 2.606 ppm (triplets), 4H (C,—C,) at
1.436 ppm (triplets), and 8H (C;, C,, Cs, Cy) at 1.314 ppm
(singlet)] are moved downfield after coordination (Table 2).
All spectra are given in ESI (Figs. S1 and S2).

The IR spectrum of gold(IIT) complexes 1-6 (ESI, Fig.
S3) confirms the presence of characteristic bands belonging
to NH, group (3600-3200 cm™") and bands specific for the
vibration for aliphatic C—H bond (2920-2940 cm™" for all
complexes).

The UV-Vis spectra of all complexes were recorded in
water and in PBS buffer (ESI, Fig. S4). The shape of the
spectra (ESL, Fig. S4) and the values of 4_,,, are almost iden-
tical for all complexes (4,,,, =285 nm for 1, 4, =286 nm
for 2, 2,,,x=293 nm for 3, A,,, =293 nm for 4, 1, =287 nm
for 5, and 4,,,, =287 nm for 6) indicating the same coor-
dination mode of ligands, respectively. Considering that
all cytotoxicity measurements were performed in medium
that consist small amount of DMSO (less than 0.5%), the
presence of possible interactions was followed by UV-Vis
as well. The results have shown negligible changes in the
absorption (Fig. S5, ESI).

ESI-MS spectra of complexes 1-6 are also given in ESI
(Figs. S6 and S7). In all spectra are detected signals that
correspond to the complexes 1-6. Regarding the conditions
during the analysis, different fragmentations were observed
without higher mass fragments.

DFT calculations
To get structural insight of investigated complexes 1-6,

quantum chemical calculations were performed. The geom-
etry-optimized structures and extracted data of dinuclear

Ligand (5, ppm)

Complex (6, ppm)

1,4-diaminobutane 1 4
4H (C1-C4) 2.775 3.040 3.065
4H (C2-C3) 1.614 1.750 1.746
Ligand (5, ppm) Complex (6, ppm)
1,6-diaminohexane 2 5
4H (C1-C6) 2.829 2.987 2.991
4H (C2-C5) 1.672 1.669 1.679
4H (C3-C4) 1.580 1.410 1.414
Ligand (5, ppm) Complex (6, ppm)
1,6-diaminooctane 3 6
4H (C1-C4) 2.606 2.982 2.982
4H (C2-C3) 1.436 1.649 1.655
8H (C3, C4, C5, C6) 1.314 1.352 1.355
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? P Table3 Summary of selected DFT-calculated HOMO-LUMO
? ? 9 z / energy gaps, bond lengths, and angles of dinuclear gold(III) com-
’ A P 1
‘ 4 plexes
o y ¢23929¢ f
9 9 H Cl
° Ch o |
1 élh | /\/N2E u,7Cl
Cll_&A‘uy_Nl | I y
b
? QL2 20 | | H d
i & ° Cl H
! Al
9 ) 9 *’
9 9 ) Complex 1 2 3
2 MO energy (eV)
LUMO —4.34 —-4.21 -4.10
“ HOMO -8.02 -791 -7.81
‘ AE (eV) 3.68 3.70 3.71
2 y — }lé\é/i‘ A @ Bond length (A)
9 o 5 ) ! Au,-Au, 9.46 11.53 14.34
Y 9 9 O Au-N 2.11 2.10 2.10
3 Au-Cl, 2.28 2.28 2.28
Au-Cl, 2.32 2.32 2.32
Fig.2 Density functional theoretical (DFT) minimum energy struc- Bond angles (°)
tures of dinuclear gold(IIT) complexes Cl,-Au-N; 179.8 179.8 179.8
Cl,-Au-Cl 173.7 173.8 174.0
a 86.7 86.9 86.9
gold(IIT) complexes are shown in Fig. 2 and Table 3, and b 87.1 87.0 87.2
for trinuclear gold(IIT) complexes in Fig. 3 and Table 4. The ¢ 93.0 93.1 92.9
observed results shown that d® gold(III) centers adopt dis- d 932 93.0 93.0

torted square-planar coordination geometry, all Au—Cl bonds
are in the range of 2.27-2.32 A and all Au-N bonds are in
the range between 2.10 and 2.13 A whichisina good align-
ment with the previously published results of X-ray analysis
[49].

With fully awareness of limitations, calculating HOMO
and LUMO frontier orbital energies by DFT methods [50]
from Fig. 4 can be seen that HOMO frontier orbitals of
complexes 1-3 are concentrated on one gold(IIl) center, but
when it goes to the LUMO frontier orbitals, they are mainly
shifted towards another gold(IIl) center, with the exception
of the complex 2 in which the LUMO orbitals are evenly dis-
tributed on both metal centers. In the case of complexes 4-6
(Fig. 5), LUMO orbitals are shifted to the gold(III) center
standing in the middle of trinuclear complex.

DNA-binding studies

Absorption spectroscopic studies

DNA is an important potential biological target for many
metal-based anticancer agents. Because of that, it is very
important to understand DNA-binding properties of poten-

tial anticancer agents. UV—Vis spectroscopy is one of the
most universally employed methods for determination of

@ Springer

binding modes and binding extent of metal complexes with
DNA. Already is known that metal complexes can bind
to double-stranded DNA via covalent (replacement of the
labile ligand of complex by a nitrogen base of DNA, e.g.,
guanine N7) or noncovalent (intercalation, electrostatic, or
groove binding) interactions [51]. The absorption intensity
of complexes in the presence of CT-DNA may decrease
(hypochromism) or increase (hyperchromism) with slightly
increase in the absorption wavelength (bathochromism). The
absorption spectra of complexes 3 and 4 in the absence and
presence of DNA (at constant concentration of the complex)
are given in Fig. 6, while for other studied complexes, they
are presented in ESI (Fig. S8).

The addition of CT-DNA to the solution of complexes
3 and 4 resulted in the appearance of a new band centered
at 258 nm (see Fig. 6). The behavior of other studied com-
plexes was quite similar upon addition of increasing amount
of CT-DNA (ESI, Fig. S8). The appearance of a new sig-
nal in UV-Vis spectra indicates the presence of interaction
between gold(IIT) complexes and CT-DNA.

The intrinsic binding constants K (MY for all studied
complexes calculated by the equation (Eq. S1, ESI) are given
in Table 5. The high values for K, indicate the binding of
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Fig.3 Density functional theo-

retical (DFT) minimum energy

structures of trinuclear gold(I1I)
complexes

all complexes to CT-DNA. Complex 2 exhibits the high-
est K, value compared to other, while in comparison with
K, value for classical intercalator ethidium bromide (EB),
K, =(1.23+0.07) x 10> M~! [52], studied complexes exhibit
lower values of binding constants.

Fluorescence quenching measurements

Ethidium bromide (EB = 3,8-diamino-5-ethyl-6-phenyl-
phenanthridinium bromide) is an intercalator that gives sig-
nificant fluorescence emission intensity when it intercalates
to CT-DNA through the planar EB phenanthridine ring in
between adjacent DNA base pairs. DNA-induced EB fluo-
rescence emission could be quenched after addition of com-
plex that is able to replace EB and form strong interactions
with DNA [53]. The fluorescence quenching curves of EB
bound to DNA in the absence and the presence of complexes
1 and 6 are shown in Fig. 7 and curves for other complexes
are presented in ESI Fig. S9.

The increase of complex concentration in all studied
systems resulted in significant decrease in intensity of
the emission band at 612 nm. This indicates the compe-
tition of complexes with EB in binding to DNA (Fig. 7
and Fig. S9, ESI). The observed quenching of DNA-EB
fluorescence suggests that all studied complexes displace
EB from the DNA-EB complex and interact with DNA
[31, 32].

The Stern—Volmer plots of EB-DNA (insert Fig. 7 and
Fig. S9) confirm the fluorescence emission quenching.
Stern—Volmer quenching constants (K,) are calculated
from the slopes of the plots of I,/ vs. [Q] (Eq. S2, ESI,
insert Fig. 7 and Fig. S9) and reported in Table 5. All stud-
ied gold(IIT) complexes showed high values of quenching
constants, indicating their great efficiency to replace EB and
bind to DNA. Complex 4 exhibits the highest K, values in
comparison with other gold(III) complexes.
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Table4 Summary of

energy gaps, bond lengths,

selected DFT-calculated HOMO-LUMO
and angles of the studied trinuclear

Au(IIl) complexes
| ab
H L fa
/\/ | \ |J 7 Cls
le 1|{ \ f |\ H
a
Cly ?Aul_Nl/\/ \|J
\& | b/ | Cl
Cl H

Complex 4 5 6

MO energy (eV)
LUMO —8.236 —17.998 -17.776
HOMO —9.525 —9.165 —8.817
AE (eV) 1.289 1.167 1.041

Bond length (A)
Au—Au, 9.60 10.14 14.27
Au,-Au, 8.43 11.50 12.84
Au-N, 2.12 2.11 2.10
Au,-N, 2.12 2.12 2.11
Auy—N; 2.13 2.12 2.11
Aus—N, 2.12 2.11 2.11
Au-Cl; 2.27 227 2.28
Au-Cl, 2.32 2.31 2.32
Au,—Cly 2.28 2.28 2.28
Aus—Cl, 2.31 232 2.32
Au;—Cl; 2.27 227 2.29

Bond angles (°)
Cl,-Au-N, 179.7 179.6 179.7
Cl,-Au-Cl  173.1 173.4 173.6
a-Au; 86.3 87.2 86.9
b-Au,; 86.8 86.2 86.8
c-Auy, 93.4 93.4 93.1
d-Au,; 93.5 93.2 93.2
N,-Au,-Cl  176.6 178.1 177.8
N;-Au,-Cl;  177.5 1771 178.2
a-Au, 85.2 84.9 85.5
b-Au, 92.4 92.6 92.7
c-Au, 84.6 85.5 85.2
d-Au, 97.8 97.0 96.6
Cls-Aus-N, 179.7 179.7 179.4
Cl;-Aus-Cl 1733 173.5 174.8
a-Au, 93.3 93.2 92.8
b-Au, 93.4 93.3 924
c-Auy 86.7 86.5 88.1
d-Au, 86.6 86.9 86.7
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Albumin-binding studies

Serum albumin (SA) is the most abundant plasma protein in
humans (and other mammals) and plays an important role in
the transport of ions and drugs through the bloodstream to
cells and tissues [54]. Bovine serum albumin (BSA) is the
most extensively studied serum albumin because of its high
structural homology with human serum albumin (HSA). The
interactions of complexes 1-6 with BSA were studied by
fluorescence spectroscopy, as this method allows a quantita-
tive assessment of the binding strength. Observed quenching
may be attributed to the changes in protein conformation,
subunit association, substrate binding, or denaturation.

The values of Stern—Volmer quenching constant (K,) and
the quenching constant (k,) for the interaction of complexes
with BSA are calculated by Stern—Volmer quenching equa-
tion (Eq. S3, ESI, insert Fig. 8 and Fig. S10) and are given
in Table 6. The values of BSA-binding constant (K) and
the number of binding sites per albumin (n) are calculated
from the Scatchard equation (Eq. S4 and Fig. S11, ESI).
A good quenching ability of BSA fluorescence was found
for each complex. Furthermore, the maximum of the bands
was slightly shifted from 361 to 365 nm for all complexes
(Fig. 8; Fig. S10). The red shift implies the formation of
gold(IIT)-BSA adducts, which altered the polarity of micro-
environment in the vicinity of tryptophan.

All gold(IIT) complexes show good quenching abil-
ity, while complex 4 exhlblts the strongest, k;=(1.320+
0.004) x 1013 M~! The kq values for all complexes
(10 M Vor 10” s7!) are higher than diverse kinds
of quenching for biopolymer fluorescence (10'° M~! s71)
indicating the existence of a static quenching mechanism
[55].

Viscosity measurements

Viscosity measurements of DNA solutions were performed
in the absence and presence of complexes to confirm the
modes of binding of complexes 1-6 to CT-DNA. The viscos-
ity of DNA is sensitive to length changes and regarded as
the least ambiguous and the most critical clues of the DNA-
binding mode in solution [56, 57]. The addition of increas-
ing amount (up to r=1.0) of complexes 1-6 (0—12 pM) to
a DNA solution (12 pM) generally resulted in an increase
of relative viscosity of DNA (Fig. 9), which was more pro-
nounced upon addition of complex 3. In the case of clas-
sic intercalation DNA, base pairs are separated to host the
bound compound resulting in increased DNA viscosity. The
magnitude of interaction is usually in accordance with the
strength of the interaction because of the lengthening of
the DNA helix. Therefore, the observed viscosity increase
may be explained by an increase in the overall DNA length
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Fig.4 HOMO and LUMO 2
frontier molecular orbitals for
dinuclear gold(III) complexes
together with their energy gaps
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provoked by the insertion of complex in between the DNA
base pairs due to interaction via intercalation.

Cyclic voltammetry

The redox stability of complexes in the presence of DNK/
BSA was studied by cyclic voltammetry. Reaction between
100 uL BSA (concentration 2x 107> M) and 107> M
gold(IIT) complexes (1-6) in 0.1 M NaCl aqueous solution
was followed. The results displayed a shift of the cathodic
peak (Fig. 10; Fig. S12, ESI): for complex 1 from 0.43 to
0.57 V; for complex 2 from 0.56 to 0.58 V; for complex 3
from 0.39 to 0.46 V; for complex 4 from 0.61 to 0.57 V; for
complex 5 from 0.45 to 0.36 V; and for complex 6 from 0.51
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to 0.50 V. Change to a higher value of potential is evidence
for the reduction of Au(III) to Au(I) and formation of Au(I)
complex [58]. For the reverse sweep, clear oxidation waves
were observed and shift of the anodic peak from 1.02 to
1.16 V (complex 1); from 1.01 to 1.05 V (complex 2); from
1.01 to 0.99 V (complex 3); from 1.08 to 1.19 V (complex
4); from 0.95 t0 0.98 V (complex 5); and from 1.11to 1.20 V
(complex 6). However, the possible numerous oxidation
steps can be occurred further [59-61].

The CV of a 10~ M solution of Au(III) complexes (1-6)
in the presence of 0.1 M NaCl as a background electrolyte
recorded for a GC electrode upon reaction with 100 uL
DNA (concentration 1.24 x 10~ M) displayed a shift of the
cathodic peak. If the compound interacts with DNA, the
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Fig.6 Absorption spectra of complexes 3 and 4 in 0.01 M PBS
(pH 7.4) upon addition of CT-DNA, CAu_Complex=8><10_6 M,
Cpna=(0-3.84)x 107> M. Arrow shows the absorbance changes

Table 5 DNA-binding constants (K,) and Stern—Volmer constants
(K,) from EB-DNA fluorescence for complexes 1-6

Complex K, M K, M™h

1 (3.72+0.04)x 10 (3.54+0.04)x 10*
2 (1.91+0.06)x 10* (4.01+0.05)x 10*
3 (1.69+0.05)x 10* (1.65+0.02) x 10*
4 (7.50+0.02) x 10° (6.339+0.004)x 10*
5 (9.85+0.03) x 10° (1.956 +0.002) x 10*
6 (1.56+0.05)x 10* (4.783+0.002)x 10*

@ Springer

upon increasing the DNA concentration. Insert: plot of [DNA]/(e4—
&) vs. [DNA]

peak potential and peak current of the compound show dif-
ferent values (Fig. 10; Fig. S13, ESI). For complex 1 from
0.44 to 0.55 V; for complex 2 from 0.56 to 0.58 V; for com-
plex 3 from 0.39 to 0.41 V; for complex 4 from 0.61 to
0.35 V; for complex 5 from 0.59 to 0.55 V; for complex 6
from 0.5 to 0.48 V. For the reverse sweep, clear oxidation
waves were observed and shift of the anodic peak from 1.02
to 1.22 V (complex 1); from 0.93 to 1.03 V (complex 2);
from 0.90 to 0.97 V (complex 3); from 1.09 to 1.1 V (com-
plex 4); from 1.02 to 1.06 V (complex §); and from 1.12 to
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Fig.7 Emission spectra of
EB bound to CT-DNA in the
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1.18 V (complex 6). The directions of the movement of the
peaks in some cases could predict the mode of interactions
[62].

DNA and BSA docking

Molecular simulation is a useful tool that together with
experimental results can develop our understanding of the
drug-DNA/BSA interaction, identification of binding place,
and prediction of complex binding affinities [63]. Molecular
docking studies were carried out to gain information about
in silico DNA/BSA-binding affinity for studied compounds
1-6. The predicted top-ranking pose with complex with the

T T T ”" 1
650 700 750
A/ nm

lowest energy was applied for suggesting the best possible
geometry of compounds inside the DNA double helix as
well as the binding inside for bovine serum albumin cavity.
MolDock, Docking, Rerank, and Hbond scoring functions
were used for the assessment of complex-DNA/BSA-binding
affinity [42].

The best docked poses of complexes with DNA dode-
camer are displayed in Fig. 11, and top-ranked poses accord-
ing to used scoring functions are presented in Table 7.
According to MolDock, Docking, and Rerank score values,
the highest binding affinity has complex 6, while the lowest
has complex 1. Obviously, the length of diamine linker plays
a major role in stabilizing the DNA-Au product by fitting in
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Fig.8 Emission spectra of 5
BSA in the presence of com- )
plexes 2 and 4. Czgp =2 pM, 180 4 4
Ccomplex =0-40 |J.M, 2
Aex =295 nm. The arrows show 160 7 3
the intensity changes upon 140
increasing the concentration of T =< 21
complex. Insert: plots of /I 2 -
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Table 6 BSA constants and Complex K, (M) k(M sl KM n
parameters (K, k,, K, and n) : 4
derived for complexes 1-6 1 (6.71+£0.07)x 10* (6.71+0.07)x 10" (2.05+0.04)x 10* 0.6
2 (8.04+0.08)x 10* (8.04+0.08)x 102 (5.82+0.06)x 10* 0.45
3 (4.41£0.05)x 10* (4.41£0.05)x 102 (1.84+0.06)x 10* 0.64
4 (1.320+0.004)x 103 (1.320+0.004)x 10" (3.87+0.04)x 10* 0.65
5 (7.131+0.005) x 10* (7.131+0.005) x 10" (1.98+0.02)x 10* 0.59
6 (1.289+0.008)x 10° (1.289+0.008)x 10"* (6.02+0.05)x 10* 0.82
the minor groove of DNA and allowing the terminal square-  is consistent with the experimental data by which with the

planar gold(III) centers of the investigated complexes better ~ increasing amount of complexes, a fluorescence quenching

to interact.

was observed due to the interaction between the complexes

The docking results from MVD program revealed that ~ and Trp-213 residue. The results are shown in Fig. 12 for
complexes 1-6 bind to subdomain IIA (site I) of BSA which dinuclear and in Fig. 13 for trinuclear gold(III) complexes.
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Fig.9 Relative viscosity 2.4 =
(/o) of CT-DNA (12 pM)
in PBS buffer solution (pH 7.4) 2.2
in the presence of increasing ’
amount of complexes 1-6 (r) 2
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Fig. 10 Cyclic voltammograms recorder after dissolution of com-
plex 2 (black line) and after addition of 100 puL of BSA (dashed line,
concentration 1.98x 10~ mM—Ieft) and after addition of 100 L of

Top-ranked poses according to the used scoring functions
are presented in Table 8. According to the MolDock, Dock-
ing, Rerank, and Hbond score values, the highest binding
affinity has complex 6 which is consistent with the experi-
mental findings. Therefore, from the molecular docking
studies, it can be inferred that hydrophobic and electrostatic
interactions as well as hydrogen bonding play a vital role in
binding gold(III) complexes binding to site I of BSA [64].

Cytotoxic effects

In vitro cytotoxic activity of gold(Ill) complexes 1-6 and
K[AuCl;] (7) against human breast (MDA-MB-231) and
colorectal cancer (HCT-116) cell lines, as well as normal
human lung fibroblast (MRC-5) cell lines was evaluated on
the basis of cell viabilities after 24 and 72 h of treatments,

0.5 1
r = [Complex] / [DNA]

15
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o
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04 4/
e 7
~ o ,
5 ~t . .
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E/N

DNA (dashed line, concentration 0.012 mM—right), GC electrode,
scan rate 0.1 V s™', E_.._=0.003 V, 0.1 M NaCl as the background
electrolyte

step

given by MTT test. Gold(III) complexes 1-6 significantly
reduced MDA-MB-231 cell viability (Fig. S14, ESI) on
time- and dose-dependent way with coefficient correlation
R>—0.9 (ESI, Table S1). In addition, tested gold(III) com-
plexes significantly and dose-dependently (ESI, Table S1)
reduced HCT-116 cancer and MRC-5 normal cell viabilities
(Figs. S14, S15, and S16, ESI), without time dependency.
Cytotoxicity of gold(IIT) complexes expressed as doses
which killed 50% of total cells (ICs,) is shown in Table 9.
All complexes show cytotoxic effects on tested cells
(IC5,< 100 pM). These effects are significant after 24 h of
treatments when compared with cytotoxicity of K[AuCl,]
(Table 9; Fig. S17, ESI), or cisplatin as positive control [65].
In general, trinuclear gold(IIT) complexes had better cytotox-
icity. Among them, complexes 4 and 5 expressed the high-
est and significant cytotoxic effects on HCT-116 colorectal
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Fig. 11 Computational docking model illustrating interactions between complexes 1-6 and DNA

Table 7 Score values of DNA docking with complexes 1-6

Complex MolDock Docking Rerank

1 —119.940 —69.218 —117.473
2 —141.179 —81.493 —135.363
3 —138.377 —79.612 —134.255
4 —148.701 —80.249 —132.480
5 —178.235 —95.343 —136.927
6 —185.261 —95.049 —166.871

cancer cells (IC55<25 pM, Table 9). Dinuclear gold(I1I)
complexes also showed significant cytotoxic activity on
MDA-MB-231 breast cancer cells, after both time periods,
compared with cisplatin activity [65]. On the basis of given
data, apparently the increase of number and chain length
of diamine linker in selected gold(IIl) complexes increase
their hydrophobic and flexible characteristics enabling better
entrance in the cells, respectively. However, detailed analy-
sis of the biotransformation of gold(IIl) complexes in nor-
mal and cancer cells, as well as their proapoptotic or lytic/
necrotic effects will be the aim of our further investigations.

In general, the gold(IIT) complexes expressed cell-selec-
tive cytotoxic activities (Table 9), with the highest effects on

@ Springer

colorectal cancer cells (HCT-116). Normal lung fibroblasts
(MRC-5) are also sensitive to cytotoxic effects, indicating
that synthetized gold(III) complexes had no specific antitu-
mor activity. We focused our strategies in the development
of new anticancer drugs to find new chemotherapeutics with
better cytotoxic and antimetastatic activity as well as with
less side physiologic effects. The most of newly synthetized
metal complexes are the modification of standard cytostatic
cisplatin. Considering all, investigated gold(IlI) complexes
showed a significant cytotoxic effect compared with cisplatin
[65] or with some of tested newly synthetized platinum(IV)
complexes [66], selenium—hydantoin—palladium(II) com-
plex [67], and palladium(II) complexes [46, 65]. Taking all
together, novel gold(III) complexes had good predisposition
for potential anticancer drugs as well as for co-therapy with
natural products.

Conclusions

We described the preparation and structural characterization
of six gold(II) complexes by different experimental methods
and by DFT calculations. The study of the interactions of
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Fig. 12 Best poses with BSA for complexes 1-3 according to Hbond
values: a molecular docking results of dinuclear gold(III)-BSA com-
plex; b complexes embedded inside the active site of BSA in the elec-

complexes 1-6 with DNA provides multiple binding mode
including covalent and intercalation interaction. Complex
2 exhibits the highest K (intrinsic binding constant) value
compared to other complexes. Furthermore, all gold(III)

trostatic view; ¢ binding site of 1-3 complexes on BSA and selected
amino acid residues are represented by stick models. Hydrogen bonds
shown in blue dotted lines

complexes show the high values of quenching constants
indicating their great efficiency to replace EB and bind to
DNA, while complex 4 exhibits the highest K, values in
comparison with other compounds. According to viscosity
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Fig. 13 Best poses with BSA for complexes 3—6 according to Hbond
values: a molecular docking results of trinuclear gold(III)-BSA com-
plex; b complexes embedded inside the active site of BSA in the

Table 8 Top-score values for 1-6 complexes with BSA

Complex MolDock Docking HBond Rerank

1 —89.841 —60.484 —-0.120 —90.413
1° —87.251 —60.934 —-0.797 —86.555
22 —104.437 —77.520 —0.001 —100.885
2b —101.654 —74.746 —1.519 —95.068
30 —109.073 —79.894 —-0.725 —-108.971
4 —130.896 —125.655 —1.860 —93.766
4° —120.011 —122.715 —2.465 —88.554
5 —143.585 —139.862 —1.498 —101.451
5b —128.264 —125.148 —2.924 —86.730
6" —156.648 —147.947 —-0.117 —156.648
( —132.637 —124.799 —-2.651 —27.354

*Best complex pose according to MolDock, Docking, and Rerank
scoring functions

"Best complex pose according to Hbond scoring function

@ Springer
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—ls
q
-

electrostatic view; ¢ binding site of 4-6 complexes on BSA and the
selected amino acid residues are represented by stick models. Hydro-
gen bonds shown in blue dotted lines

measurements, complex 3 shows the best affinity for inter-
calation. Furthermore, relatively high binding constants
towards BSA indicate a good binding affinity of all com-
plexes. Among all, complex 4 exhibits the strongest interac-
tion. By CV, measurements were confirmed redox stability
of all complexes in the presence of DNA/BSA. Molecular
docking study was carried out to gain information about in
silico DNA/BSA-binding affinity for studied compounds
1-6. The highest binding affinity towards DNA and BSA
has complex 6. All tested gold(II) complexes reduced cell
viability with cytotoxic effect on investigated cell lines, with
good predisposition for potential anticancer drugs. Among
all, complexes 4 and 5 show the significant cytotoxic effects
on HCT-116 colorectal cancer cells.
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Table 9 Cytotoxic effects— Complex ICs,
1Cs, values (uM) of gold(III)
complexes (1-6) and MDA-MB-231 HCT-116 MRC-5
K[AuCl,] (7) on HCT-116,
MDA-MB-231, and MRC-5 24h 72h 24h 72h 24h 72h
cell lines 1 95.86 89.37 72.62 29.88 57.36 62.88
2 88.84 52.83 56.5 52.03 58.51 57.72
3 77.07 58.54 60.17 37.16 34.23 53.27
4 98.17 75.05 0.25 15.88 51.78 89.23
5 93.92 52.78 23.28 24.18 28.37 29.97
6 98.07 61.67 63.34 133.87 63.81 83.10
7 101.29 150.73 >200 180.36 230.49 107.39
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